A single HO endonuclease-induced double-strand break (DSB) is sufficient to activate the DNA damage checkpoint and cause Saccharomyces cells to arrest at G2/M for 12-14 h, after which cells adapt to the presence of the DSB and resume cell cycle progression. The checkpoint signal leading to G2/M arrest was previously shown to be nuclear-limited. Cells lacking ATR-like Mec1 exhibit no DSBinduced cell cycle delay; however, cells lacking Mec1's downstream protein kinase targets, Rad53 or Chk1, still have substantial G2/M delay, as do cells lacking securin, Pds1. This delay is eliminated only in the triple mutant chk1⌬ rad53⌬ pds1⌬, suggesting that Rad53 and Chk1 control targets other than the stability of securin in enforcing checkpoint-mediated cell cycle arrest. The G2/M arrest in rad53⌬ and chk1⌬ revealed a unique cytoplasmic phenotype in which there are frequent dynein-dependent excursions of the nucleus through the bud neck, without entering anaphase. Such excursions are infrequent in wild-type arrested cells, but have been observed in cells defective in mitotic exit, including the semidominant cdc5-ad mutation. We suggest that Mec1-dependent checkpoint signaling through Rad53 and Chk1 includes the repression of nuclear movements that are normally associated with the execution of anaphase.
A
single unrepaired or slowly repaired double-strand break (DSB) in the budding yeast Saccharomyces cerevisiae triggers the Mec1-Ddc2-dependent DNA damage checkpoint, causing G 2 /M cell cycle arrest through the activation of a protein kinase cascade (1) (2) (3) (4) (5) (6) (7) (8) (9) . The trigger for the DNA damage checkpoint appears to be the formation of single-stranded DNA by 5Ј to 3Ј resection of the DSB, a step that depends on Cdk1 (10) . Mec1-Ddc2 binding to ssDNA appears to occur both by intrinsic DNA binding of Ddc2 but also by association of Mec1-Ddc2 with the ssDNA-binding protein complex, RPA (11, 12) . Checkpoint activation depends also on the binding of the PCNA-like complex of Rad17-Ddc1-Mec3 at the ssDNA/dsDNA junction and depends only on the RFC-like complex containing Rad24 (13) (14) (15) (16) (17) (18) . The DNA damage checkpoint has at least two branches, one controlled by Rad53 (Chk2/Cds1 in mammals and Saccharomyces pombe, respectively) and the other by Chk1. In addition, checkpoint activation depends on Rad9, a BRCT domaincontaining protein that is associated with a DSB and plays a key role in the autophosphorylation of Rad53 and the phosphorylation of . A primary objective of checkpoint activation appears to be the prevention of degradation of securin, Pds1, by the Cdc20-activated anaphase-promoting complex. Without securin, the separase enzyme can cleave cohesins linking sister chromatids and allow mitosis to proceed; thus stabilization of Pds1 results in cells remaining arrested in metaphase, before anaphase (22, 23) .
Once the DNA checkpoint is triggered, cells remain arrested for as long as six cell doubling times (12-15 h ). However, even in the absence of repair, damage-arrested wild-type cells will eventually turn off the checkpoint and resume proliferation by a process termed ''adaptation'' (1, (24) (25) (26) . A number of adaptation-defective mutations have been identified that appear to prolong arrest in several ways. Deletion of the Ku proteins increases the rate of 5Ј to 3Ј DNA end resection and thus increases the level of damage signaling (2) , whereas deletion of the Ptc2 and Ptc3 phosphatases prevents dephosphorylation of Rad53 and other targets and thus prolongs the arrest signal (27) . The defects in several other adaptation-defective mutations are not yet known. Some adaptation-defective mutations, most notably those that cannot turn off the damage signal, also prevent cells from resuming cell cycle progression even after DNA damage is repaired (termed recovery).
The protein kinase cascade generates an arrest signal that is apparently nuclear-limited. In a heterokaryon in which one nucleus suffers an unrepairable HO-induced DSB and arrests before anaphase, a second, undamaged nucleus is unimpeded in carrying out mitosis (28) . This result suggests that the DNA damage checkpoint does not send a signal transmitted through the cytoplasm that would affect the second nucleus. In this article, we show that there is a cytoplasmic aspect to the DNA checkpoint but one that affects nuclear positioning and not the segregation of chromosomes. point, we precisely measured the length of cell cycle arrest in individual cells. Unbudded G 1 cells were micromanipulated into an ordered array on an agar nutrient plate containing galactose (YEP-galactose) to induce the DSB. We noted the time when each G 1 cell first budded (i.e., entered the two-cell stage) and the time when the cell entered the next cycle by the appearance of another bud. In most cases, 100 cells were monitored every 30 min (Fig. 1C) . To correct for the possibility that checkpoint mutations would affect the length of the cell cycle, each mutant was compared with an isogenic strain lacking the HO cut site. To ensure that there were no special features of the DSB made at MAT on chromosome III (Chr III), strains lacking the cleavage site at MAT were transformed with an HPH-marked construct that introduced a 117-bp HO cleavage site into the middle of chromosome VI (Chr VI), and a similar analysis was performed. The results of these analyses are shown in Fig. 1A and the unnormalized data are shown in supporting information (SI) Fig.  4 . Because both mec1⌬ and rad53⌬ are lethal, we created strains with a sml1 deletion, which suppresses this lethality (33) . By itself, sml1⌬ has no effect on the length of checkpoint arrest compared with wild-type cells.
For a DSB on both Chr III or on Chr VI, only the mec1⌬ sml1⌬ strain progresses through the cell cycle as fast as an isogenic strain lacking a DSB. All of the other single mutations exhibit a statistically significant delay. In the case of chk1⌬, this delay persists for many hours, but even rad53⌬ sml1⌬ shows a delay of Ͼ1 h. These data suggest that Mec1 is central in the establishment of the checkpoint, activating several independent downstream pathways that are, to varying degrees, required for the maintenance of the checkpoint. Activation of one of these downstream targets seems to be sufficient to establish at least a brief arrest.
If the DNA damage checkpoint centers its action on the prevention of sister-chromatid separation by preventing separase-mediated cleavage of Pds1, then a pds1⌬ mutant might display no arrest. However, this is not the case (Fig. 1B) . In fact, a complete lack of HO-induced arrest is seen only in a chk1⌬ rad53⌬ pds1⌬ triple mutant. We note that Pds1 is not only necessary to inhibit separase, it also aids in the transport of separase into the yeast nucleus (23) . It is therefore possible that Rad53 and/or Chk1 could play a role in the transport of separase into the nucleus (34) in addition to regulating the stability of Pds1.
A Cytoplasmic Target of the DNA Damage Checkpoint. DAPI staining of checkpoint-arrested cells revealed that preanaphase arrest is not uniform. Although all cells have a short mitotic spindle that one expects for such arrest; not all cells exhibit a compact nucleus located in the mother cell (Class I, Fig. 2A ). Some cells exhibit a protrusion at least some of the DNA through the bud neck (Class II) and a significant number of cells exhibit DAPI staining as a ''bow-tie'' in which the DNA is about equally distributed on both sides of the bud neck (Class III). Both rad53⌬ and chk1⌬ cells show a statistically significant increase in the distribution of these three classes of arrest compared with DSB-arrested wildtype cells examined after the same delay (Fig. 2B ). These results suggested that there could be differences between wild-type and chk1⌬ cells in the degree of chromosome segregation or in nuclear positioning.
To examine the nature of the difference in DAPI staining, we asked whether chk1⌬ cells had already executed at least part of mitosis, in which chromosomes would segregate toward the spindle poles, and the distance between spindle poles would elongate. We examined both spindle pole bodies (with RFPtagged Spc29) and centromeres (using Nuf2-GFP) (35) , as shown in Fig. 2B . In undamaged wild-type cells before anaphase, sister centromeres are separated by 0.94-1.11 m, as expected for chromosomes under tension, and, similarly, spindle pole bodies (SPBs) are separated by 1.5-2.0 m (36), but there is clearly no large separation of centromeres or SPB that is seen when cells enter anaphase. The distance separating fluorescently tagged sister centromeres is not different in wild-type cells with or without a broken chromosome and is only slightly increased in HO-damaged cells in cells lacking chk1⌬ (Fig. 2C) . We note that these results demonstrate that cells arrested by the Mec1-dependent DNA damage checkpoint are arrested such that sister centromeres are constantly under tension; only in this way can one see two masses of separated GFP-labeled sister centromeres (37) (38) (39) (40) . This state is maintained for as long as 12-15 h before adaptation occurs, and sister chromatids separate.
The bow-tie DAPI staining could be the result of frequent excursions of the nucleus through the narrow bud neck or by other deformations of the arrested nucleus. By following the movement of GFP-marked SPB in living cells, we examined excursions of the paired SPB back and forth through the bud neck (Fig. 3A and SI Movie 1) . The mobility of the paired SPB can be expressed as the total distance traversed, relative to the midpoint of the spindle at T ϭ 0, as a function of time. As shown in the kymographs in Fig. 3B and in SI Fig. 5 and in the plots of the distances traveled (Fig. 3B) , in wild-type cells, there is not much difference in the total spindle pole movement in cells traversing G 2 (YEP-Glu) and in checkpoint arrested (YEP-Gal) cells. Mitotic spindles remain constant in length and traverse a total of 3.31 Ϯ 0.93 m over 8.5 min of the Ϸ20-min period representing the duration of these mitotic spindles (the time of spindle pole separation to spindle pole elongation in wild-type cells). After induction of a DSB, the spindles traverse 3.72 Ϯ 0.65 m over 8.5 min. Thus, the wild-type response to a DSB is a prolonged duration of G 2 , without loss of the regulatory processes that maintain spindle length and position.
In contrast, 6 h after induction of the DSB, chk1⌬ cells showed a statistically significant difference in the motion of the spindle poles (5.
The increase in mean movement confirms that the spindle poles, and hence the spindle, is significantly more motile in cells lacking chk1⌬ relative to wild-type cells. The increased frequency of bow-tie DAPI staining can be attributed to movements of the nucleus through the very narrow bud neck without any separation of sister centromeres or spindle elongation. In contrast, a pds1⌬ mutant, monitored at the same time, did not show any change in nuclear migrations before and after induction of the DSB (3.61 Ϯ 1.79 vs. 3.58 Ϯ 1.08).
The excursions of the SPB across the bud neck depend on dynein, encoded by DYN1, which we have previously shown is responsible for the movements that orient and move the nucleus through the bud neck before and during anaphase (41) (42) (43) . A dyn1⌬ chk1⌬ strain shows the same very limited nuclear migration that is seen in wild-type cells before mitosis ( Fig. 3B and SI  Fig. 5B ). In the dyn1⌬ chk1⌬ strain, total movement over 8.5 min was reduced to 2.74 Ϯ 1.18 m, compared with 5.07 Ϯ 1.58 m in the chk1⌬ strain (P Ͻ 0.05; P ϭ 0.0195). The absence of dynein also suppressed the movements seen in rad53⌬, from 5.21 (Ϯ1.58) m to 2.22 m (Ϯ0.52).
We carried out a similar analysis on pds1⌬ cells during their arrest. There was no significant difference in the movement of the SPBs in glucose (3.58 Ϯ 1.09 m) vs. galactose (3.05 Ϯ 1.27 m). Thus, even though the nuclear constraints on mitosis are significantly weakened, there is no correlation with nuclear movements, which remain constrained, presumably because both Chk1 and Rad53 kinases are still active.
In the course of this work, we also examined an adaptationdefective mutation, cdc5-ad, in which a single DSB provokes permanent cell cycle arrest (2, 26) . We found that the cdc5-ad mutant exhibited frequent nuclear excursions after DNA damage, but unlike the other mutants we have looked at, there were equivalently large movements even in the absence of DNA damage (SI Fig. 5 ). Again, these movements were dyneindependent (Fig. 3B) . Because Cdc5 is an essential protein, it was clear that the movements in glucose as well as galactose (4.49 Ϯ 0.75 vs. 4.58 Ϯ 1.76 m, respectively) represent a gain-offunction phenotype that might reflect a defect in activating the mitotic exit network (see below). The results for cdc5-ad in glucose are significantly different from those in wild-type cells (P ϭ 0.03). In contrast, when we examined a temperature- sensitive cdc5-td mutation that is presumably null at the restrictive temperature, we did not observe the types of nuclear excursions we found for cdc5-ad, at 24°C, 30°C, or 37°C (data not shown). A further indication that cdc5-ad is a gain-of-function mutation is that it is semidominant in preventing adaptation after induction of unrepaired DSBs in a diploid in which both MATa and MAT␣ are cleaved, and HML and HMR are absent (SI Fig. 6 ).
Discussion
The response of budding yeast cells to a single unrepaired DSB is remarkably complex. Cells experience a Mec1-dependent delay before anaphase, but there is no delay in S phase or activation of an S phase-dependent checkpoint (C. Zierhut and J. F. X. Diffley, personal communication). Recently, Javaheri et al. (44) showed that an HO-induced DSB can cause a very short delay in the G 1 -S transition, but it is on the order of 15 min and cannot account for the much longer delays seen in rad53⌬ and chk1⌬ cells. Thus, nearly all of the delay in completing one cell cycle is caused by arrest before anaphase. Only a deletion of Mec1 completely abolishes the checkpoint response, whereas even the double-mutant combination of rad53⌬ chk1⌬ shows a significant delay in cell cycle progression. There is also a significant delay in the absence of Pds1. The most striking discovery is that both chk1⌬ cells and rad53⌬ sml1⌬ cells exhibit frequent excursions of the preanaphase spindle back and forth through the narrow bud neck, leading to the spreading out of the DNA and/or distortions of the nucleus (as seen in the bow-tie DAPI staining) without changing sister-centromere or SPB separation from a preanaphase distance. We suggest that the excursion of the nucleus is best explained by the idea that normally there are two components to checkpoint-mediated arrest of mitosis, a constraint on sister-chromatid separation but also a prevention of the movement of the spindle into the bud, as normally occurs in anaphase. In the absence of the complete DNA damage checkpoint, the cytoplasmic microtubule apparatus becomes active in orienting and driving the nucleus toward the end of the bud. In normal mitosis, when one spindle pole interacts with the bud cortex, it activates the mitotic exit network (45, 46) , including the phosphatase Cdc14 that triggers telophase and progression into the next cell cycle. If the SPB reaches the bud cortex but the intranuclear DNA damage checkpoint is still in force, Cdc14 may not be activated and preanaphase will continue, resulting in continuing spindle migrations may continue back and forth across the neck. Indeed nuclear excursions such as those we describe have been previously seen in mutants defective in anaphase and later stages of the mitosis (47). Our observation of similar movements in the cdc5-ad mutation of the Polo kinase, but here even in the absence of an induced DSB, could imply that this mutant fails to activate properly the mitotic exit network. One way that this phenotype might arise would be if a key component of anaphase, e.g., the action of the separase Esp1 to destroy sister-chromatid cohesion, was prevented whereas the rest of the anaphase program was executed. Esp1 is sequestered in the cytoplasm until anaphase, and its entry into the nucleus is facilitated by Pds1 (23), but there are likely to be other controls on its transport, which may require the Rad53 and/or Chk1 in the transport of separase into the nucleus (34) . Separase also plays a key role in regulating Cdc55 PP2A phosphatase to initiate mitotic exit (48) . We note that the chk1⌬ and pds1⌬ strains do not carry a sml1⌬ deletion, which is carried in the rad53⌬ strain (see SI Table 1 ). Given that sml1⌬ does not confer wild-type nuclear migration on the rad53⌬ strain, we think it unlikely that sml1⌬ would change the behavior of chk1⌬; similarly, given that sml1⌬ by itself is not different from wild type in terms of nuclear positioning, we think it unlikely that sml1⌬ would change the behavior of pds1⌬.
We had previously shown that the primary DNA damage arrest signals are nuclear limited, so that one damaged nucleus in a common cytoplasm with an undamaged nucleus would not prevent the undamaged nucleus from carrying out mitosis (28) . Here, we show that there is a cytoplasmic aspect to the DNA damage checkpoint that prevents a premature initiation of dyneindependent nuclear orientation and movement. Whether the checkpoint kinases shuttle out and into the nucleus or, more likely, phosphorylate an exported protein will be important to learn. We note that Rad53 has been shown to play another cytoplasmic role, in the regulation of morphogenetic events under replication stress, including the phosphorylation of septins and the timing of degradation of the Swe1 protein kinase (21, 49, 50 (52, 53) by using plasmids pKAN-MX2, pAG25, and pAG32 (a gift from John McCusker, Duke University, Durham, NC). Details are available upon request. Multiple mutants were made either by transformation or by obtaining meiotic segregants from dissected tetrads. All mec1⌬ and rad53⌬ deletions also carry sml1⌬ to ensure viability; sml1⌬ does not affect checkpoint arrest. A cdc5-ad derivative was constructed by using a pop in/pop out plasmid described by Tozcyski et al. (26) . Strain Y63, generously provided by Achille Pellicioli (Universitá degli Studi di Milano), is a JKM179 derivative containing degron-modified CDC5 (cdc5-td), which was constructed by the method of Dohmen et al. (54) .
Microscopic Analysis of Length of Arrest. G 1 cells were micromanipulated on grids on YEP-galactose media. Number of cells or buds was counted every 30 min. The time from first budding (to two-celled stage) to next budding (to three-or four-celled stage) was used as a measure of length of arrest.
Cytological Analysis of DNA and Spindles. Cells were induced with galactose. Five-milliliter aliquots were removed at appropriate times and fixed with 70% ethanol for 1 h at room temperature. Spheroplasts were prepared by treating with 40 g/ml zymolyase (ICN Pharmaceuticals, Costa Mesa, CA) for 30 min at 37°C. DNA was stained by DA PI (Boeringer, Mannheim, Germany). Cells were visualized under a f luorescent microscope.
Live Imaging of Spindle Pole and Sister-Centromere Separations and
Movements. Cells were grown to logarithmic growth phase in complete media with glucose (YPD). To induce HO endonuclease, cells were harvested by centrifugation, washed once with sterile water, and diluted to an OD of 0.2 in complete media with galactose (YPG) for 4 h. Cells were harvested by centrifugation, washed with sterile water, and resuspended in 50 l of sterile water. Eight microliters of the cell suspension was applied to a galactose-rich gelatin slab. Image acquisition was carried out as described (55) on a TE2000 microscope (Nikon, East Rutherford, NJ) with a 1.4 N.A., ϫ100 differential interference contrast (DIC) oil-immersion lens (56) . Large budded cells were imaged at 30-s intervals over 8.5 min. Images were acquired with an ORCA II ER cooled CCD camera. Cells were pipetted onto slabs of 25% gelatin containing minimal media Ϯ2% glucose as described by Yeh et al. (57) . The microscope was modified for automated switching between fluorescence and DIC by replacement of the camera mount with a filter wheel (BioPoint 99B100; Ludl Electronic Products, Hawthorne, NY) containing the analyzer component of the DIC optics. The computer-controlled (MetaMorph 4.6 software) microscope executed an acquisition protocol taking fluorescence images at 0.75-m axial steps and a single DIC image corresponding to the central fluorescence image. Fluorescence excitation through a 490/10-nm filter was normally attenuated to 1-10% of the available light from a 100 W mercury arc lamp. Fluorescence emission was collected through a 530/15-nm band-pass filter. DIC images were made by rotating the analyzer into the light path and taking a 0.6-s exposure. The images corresponding to a single time-lapse point were projected to a single image by using only the brightest pixel at any one location. Registration of DIC and fluorescence images was verified by imaging of 1-m fluorescent beads in DIC and fluorescence modes. After determining the spindle midpoint, the absolute distance traveled by the midpoint over time was measured by using the midpoint position at T0 as a starting point. This value, referred to as total movement, was used to quantify the dynamicity of the spindle in three dimensions. Alternatively, the position of each spindle pole was determined in three dimensions. The change in distance was plotted over successive time points for each pole (d). To estimate the average movement, the sum of the distance traveled at each time point was plotted (⌬ of d) vs. time. The slope of this line represents spindle dynamicity. The data from this analysis was indistinguishable from the three-dimensional midpoint analysis.
